SUMMARY Sixty carotid bifurcations in 34 symptomatic patients were examined prospectively with ultrasound (continuous wave Doppler and high resolution, B-mode imaging) and intravenous digital subtraction angiography (IV-DSA). The overall quality of examination was better with DSA than with ultrasound. Imaging of the external carotid artery was particularly difficult with sonography. For evaluation of the common and internal carotid arteries, eight percent of IY-DSA studies were poor or inadequate as compared with 12% for B-mode imaging. Overall for detection of atherosclerotic plaque, high resolution Bmode sonography was 84% sensitive and DSA 81% sensitive. When only the common and internal carotid arteries were considered, the sensitivity of high resolution sonography improved to 93% and the sensitivity of IV-DSA increased to 86%. Ultrasound (combined high resolution, B-mode sonography and C W Doppler) correctly identified all six internal carotid occlusions in the series. While IV-DSA correctly identified five of the six occlusions, the sensitivity for detection of lesions causing 70% or more stenosis was 95% for both ultrasound and IV-DSA. Sensitivity for 50% or greater obstruction was 79% for ultrasound and 85% for IV-DSA. Ultrasound sensitivity for greater than 50.9% stenoses rose to 87% when only the common and internal carotid were considered while IV-DSA sensitivity remained at 85%. Specificity was good at all levels of obstruction.
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It may be concluded from this study that the accuracy of ultrasound and IV-DSA are quite similar for evaluation of the carotid bifurcation and that either test is a satisfactory screening method for carotid bifurcation atheromatous disease.
Stroke Vo ! 16, No 4. 1985 THE CAROTID BIFURCATION is the most common extracranial location for stroke related atherosclerotic lesions. Plaque formation at this site is estimated to be etiologically related to 60% of ischemic brain infarcts, either directly, through occlusion of the internal carotid artery, or indirectly through embolic obstruction of more distal intracranial vessels. 1 The carotid bifurcation is also the most surgically assessible portion of the cerebrovascular system and thus, this region has become the principal focus for development of diagnostic procedures designed to detect and characterize atherosclerotic changes in these arteries.
Over the last four years intravenous digital subtraction angiography (IV-DSA) and duplex ultrasonography (high resolution, B-mode ultrasonography with combined Doppler flow assessment) have come into widespread clinical use for assessing the cervical portion of the carotid arteries. Both procedures have been reported to be reasonably accurate in detecting stenotic carotid lesions. '" 5 These reports suggest that the accuracy of IV-DSA is slightly superior to that of ultrasound (table 1) . At the time this study was undertaken, there were no published reports in which IV-DSA and ultrasound were evaluated side-by-side in the same patient population. We, therefore, prospectively studied IV-DSA and duplex sonography, using arteriography as a standard, for the purpose of assessing the relative accuracy of these techniques in evaluating the extracranial of the carotid bifurcation. Subsequent to the collection of these data, a study has been reported in which the same population was examined with ultrasound and IV-DSA, but only a portion of the population had both non-invasive procedures.
In the study reported herein, the parameters evaluated were the presence or absence of atherosclerotic plaque and if present, the degree of stenosis it was causing in the involved vessels. Our reasons for choosing only these parameters are as follows:
1) The presence or absence of atherosclerotic plaque is a useful indicator of the sensitivity of both IV-DSA and sonography and represents a reasonably definitive arteriographic endpoint.
2) Occlusive disease is a major associated finding both in completed stroke and in the transient phenomena (TIA and RIND) that may precede stroke.3 ) Accurate characterization of obstructive lesions is important in deciding whether or not a patient may benefit from a surgical procedure (e.g. carotid endarterectomy). 4) Arteriography has been shown to be inadequate as a standard for ulcer detection;
10 " therefore, we chose not to study ulceration in this series.
Materials and Methods

Study Population, Instrumentation and Technique of Examination
Sixty carotid bifurcations in 34 symptomatic patients were examined prospectively with ultrasound and intravenous digital subtraction arteriography (IV-DSA). The results of these studies were compared to those of standard selective carotid arteriography.
The average patient age was 65. Twelve bifurcations were studied for asymptomatic carotid bruits, 12 for ipsilaterals clearly defined carotid territory transient ischemic attacks (TIA) or transient unilateral visual symptoms (amaurosis fugax), 11 for ipsilateral 634 STROKE VOL 16, No 4, JULY-AUGUST 1985 neurological complaints other than carotid territory TIA's (usually completed stroke) and 6 because of poorly defined neurological symptoms, usually associated with bruits. In 19 instances, no symptoms or signs of carotid disease were attributable to the specific carotid bifurcations under investigation, but signs or symptoms relevant to the contralateral bifurcation were present in all of these cases. Sonographic evaluations were performed using a high resolution scanner with incorporated pulsed, range-gated Doppler (HRS) and a separate continuouswave Doppler device (CWD). The HRS instrument* utilized a multi-element anular array transducer with a 6-10 MHz frequency range. The in-vitro axial resolution of this device was reported by the manufacturer as < 0.3 mm and lateral resolutions as 0.5 mm. The dynamic range was reported as 70 dB.
CWD instrumentationt included both 5 MHz, deeply focused and 10 MHz, superficially focused transducers. The 5 MHz transducer was coupled with a position sensing device to produce a crude, two-dimensional image used to localize flow signals in the vessel being evaluated. Carotid flow signals obtained with the 5 MHz transducer were evaluated aurally and with on-line frequency spectral analysis.
All ultrasound examinations were performed by one of three experienced diagnostic medical sonographers.t The HRS studies were carried out with the patient in a supine position with the neck extended and turned to varying degrees. Four HRS views of each carotid bifurcation were attempted approximating anterolateral, posterolateral, far posterior and transverse projections. It was not always possible to achieve all four views (see Results section). The entire HRS examination was recorded on three-quarter inch videotape.
The HRS instrument was equipped with a rangegaited, pulse Doppler that was used principally to detect flow and to facilitate identification of the internal and external carotid arteries. All of the Doppler results presented in this report were derived from examinations done immediately following the HRS study with a separate continuous-wave instrument which was used concurrently with the HRS device. Indirect Doppler studies consisted of posterior orbital 12 and common carotid 13 flow evaluations. The periorbital examination 14 was also used when the other indirect tests were equivocal. Direct cervical Doppler examination consisted of bifurcation imaging from the clavicle to the mandible followed by tape recording of the Doppler-shifted signals along the course of the vessels. The power frequency spectrum was monitored on line by the sonographer during Doppler signal recording. Hard copy images of frequency spectra were made routinely at several locations in the common external and internal carotid and at all areas of increased flow velocity.
Ultrasound (HRS and CWD) examination time ranged from 45 to 120 minutes with an average time of 60 minutes. This time included recording of the patient's history, blood pressure measurement, neck auscultations, as well as performance of the HRS and CWD examinations.
The findings of the HRS and CWD examinations were reviewed by an experienced radiologist prior to release of the patient from the Department. In approximately 50% of bifurcations, he personally scanned and recorded one or more areas with the HRS device, and in approximately 20% of cases, he personally re-examined areas with the Doppler instrument. The initial interpretation of this individual was not used for study purposes; instead, at a later time, the tape recorded HRS and CWD studies were independently and blindly reviewed by one of the physicians involved in the study.
Digital subtraction arteriography (DSA) was performed with one of two prototype instruments under development at the University of Wisconsin. § The patients were examined in the supine position using a Carm fluoroscopic unit. Attempts were made in all cases to obtain two views of each bifurcation at 90° angles from one another. In many cases, three views were obtained (two 45° oblique views and a straight AP CAROTID EVALUATION/Zwiebel et al 635 view). Injection was through a 5 French pigtail catheter inserted through an antecubital vein with its tip located either in the innominate vein or superior vena cava. Contrast medium (76% Renografin) was injected at the rate of 14-16 cc/second for a total volume of 40 cc per projection. The standard imaging sequence was two exposures per second over a 9-12 second interval.
All DSA studies were conducted by one of the members of the Neuroradiology Section. As with the sonographic studies, the initial report of this individual was not used for study purposes. Instead, the hard-copy films were independently and blindly reviewed at a later time by one of the study physicians. The time required for the usual IV-DSA examination was between 30 and 45 minutes.
Methods of Tabulation and Correlation
The carotid arteriograms were interpreted retrospectively by a single observer, having no knowledge of either the patient's clinical history or the results of the IV-DSA or sonographic evaluations. To insure consistency, the same individual interpreted all arteriograms. For ambiguous or difficult-to-interpret cases, his impression was verified by a second interpreter.
Because more than one occlusive lesion or area of plaque deposition was often present in each bifurcation, lesions of the common external, and internal carotid arteries were independently tabulated ignoring the relationship to the bifurcation as a whole.
The following parameters were assessed: Image Quality -The quality of HRS and IV-DSA visualization of each arterial segment (common, external or internal carotid) was judged according to the criteria listed in table 2 and illustrated in figures 1 and 2.
Sensitivity for Plaque -For HRS and IV-DSA, each vascular segment was designated as positive or negative for the presence of plaque and these results were compared with arteriography. Doppler findings were not utilized in this assessment due to recognized limitations in detection of non-occlusive plaque. 15 Stenosis and Occlusion -Obstructive lesions were classified based on percent of projected original lumen diameter as < 50%, > 50% but < 70%, > 70% stenosis, and occlusion. The maximal stenotic lesion detected in each arterial segment (common, external, or internal carotid artery) was tabulated for sonography (combined HRS and CWD), IV-DSA and standard arteriography.
HRS evaluation of obstructive lesions was accomplished through direct measurement of the residual lumen from the video display monitor ( fig. 3 ). Doppler estimation of occlusive lesions was based on peak frequency elevation, diastolic frequencies, turbulence ( fig. 4) , and indirect Doppler tests such as the posterior orbital examination or common carotid resistivity. 16 For minor stenoses which produced relatively little disturbance of flow, the HRS results were favored; whereas, in most major obstructive lesions the Doppler results were more heavily relied upon.
For IV-DSA and arteriography, the extent of an obstructive lesion was determined by comparing caliper measurements made at the stenotic and normal portions of the vessel. When measurements of residual lumen diameter obtained from the AP and lateral projections of the arteriograms were different, it was assumed that the lumen was elliptical and the two measurements were averaged. The normal diameter of the carotid bulb was visually estimated, based on the dimensions of calcified plaque, when present, or on the interpreter's judgment ( fig. 5 ).
Results
Quality of Arterial Visualization
Data for HRS and IV-DSA visualization of the carotid vessels are presented in table 3. Overall, visualization of the cervical portion of the carotid arteries was considerably better with IV-DSA than with HRS. Excellent or moderate quality visualization (grades 1 & 2) was achieved more frequently with IV-DSA and there were fewer inadequate studies (9.5% DSA vs. 18% HRS). With IV-DSA the quality of visualization of the external and internal carotid arteries was similar, while HRS performed especially poorly for the external carotid artery. Examination quality obtained with HRS compared more favorably with IV-DSA when the external carotid was excluded from tabulations. Visualization of the common and internal carotid arteries was poor or inadequate (grades 3 or 4) in twelve percent of the HRS studies and in 8% of the IV-DSA studies.
Factors affecting the quality of visualization with HRS and IV-DSA have previously been reported 15 l7 and will not be discussed in detail. Briefly, for HRS these include: 1) an inaccessible location of the carotid bifurcation high in the neck beneath the mandible. 2) Ultrasound attenuation in deep lying vessels. 3) Arterial tortuosity. 4) Reflection of the incident sound beam by massively calcified plaque. For IV-DSA studies, the primary causes of suboptimal image quality were subtraction misregistration due to patient motion and poor vascular opacification most often as a result of inadequate cardiac output.
Plaque Detection Data for HRS and IV-DSA evaluation of atherosclerotic plaques are presented in tables 4-6. Except in isolated instances, these data demonstrate no substantial difference in the accuracy of plaque detection. Sensitivity for plaque detection was good for both procedures (84% HRS, 81% IV-DSA). Negative predictive values were poor for both HRS and DS A (49% and 36% respectively), but the high proportion of false negative studies as well as a high prevalence of disease in the study population accounted for the poor negative predictive values. 18 Nineteen of 25 HRS and 27 of 30 IV-DSA false negative examination resulted from failure to detect plaques of minimal thickness (<20% lumen diameter). Deletion of studies did not affect appreciably the results obtained for plaque detection (table 6), indicating that examination quality could not be evoked as a cause for the relatively poor performance of these tests in this regard. The sensitivity for plaque detection improved substantially for HRS (from 84 to 93%) and slightly for IV-DSA (81 to 86%) when findings in the external carotid artery were excluded from the tabulation (table 6). Several interrelated factors probably account for this observation: 1) minor plaques, which are inherently more difficult to detect than are moderate or severe alterations, were proportionately more common in the external carotid artery than in the common internal carotid artery. 2) The complicated configuration and relatively small size of the external carotid artery made plaque detection difficult.
CAROTID EVALUATION/ZiW<?6e/ el al 637 Although exclusion of observations related to the external carotid arteries improved the sensitivity of both procedures for plaque detection, it sharply decreased the negative predictive values for plaque to 27% for HRS and to 16% for IV-DSA. This occurred because of a decrease in the number of normal vessels that was far out of proportion to the reduction of false negative results. The very high prevalence of disease in the series (98%) renders meaningless calculations of negative predictive value for plaque.
HRS and IV-DSA specificity for plaque was relatively poor (77% each) for the entire series, reflecting the incidence of false positive examination. For HRS, all false positives occurred in the external carotid and were in vessels with plaques of minimal thickness. All IV-DSA false positives also occurred in the external carotid artery. Two of these were minimal disease and three were in ones having plaques of greater thickness. False positive errors for HRS, as previously discussed, related to difficulties in imaging the external carotid artery. For IV-DSA, the availability of only one projection was a factor in two of the three major overestimations of plaque. Specificity for evaluation of atherosclerotic plaques for both HRS and IV-DSA was not improved when poor quality studies were excluded from considerations, but increased dramatically to 100% when no attempt was made to evaluate the external carotid artery. However, calculations of specificity as well as the positive predictive values for plaque detection are not reliable because only three normal vessels remained in the series after withdrawal of the external carotid findings.
Occlusive Disease
The results of HRS and IV-DSA for characterizing occlusive iesions, as compared with those obtained with standard arteriography, are presented in tables 7 and 8. Statistical comparison of these two modalities for luminal narrowing of ^ 50, ^ 70% stenosis and occlusion are tabulated in table 9 for all vessels and in The sensitivity of both modalities for obstructive lesions causing a 50% or more decrease in lumen diameter was good (79% US, 85% IV-DSA), but was not at the 90% level generally preferred for a screening test. Sensitivity rose to excellent levels (95%, each method) for lesions causing a 70% or greater stenosis. HRS detected all occlusions, whereas, one false negative occurred with IV-DSA. (Misregistration artifacts were misinterpreted as intravascular contrast.)
The specificity as well as positive and negative predictive values for US and IV-DSA were excellent overall for lesions causing 50% or greater stenosis and also were excellent in those vessels with either a 70% or greater stenosis or occlusion. The exceptions are noteworthy, however: 1) the positive predictive values for IV-DSA detection of lesions causing stenosis of > 50% and > 50% < 70% levels was suboptimal (83% and 72% respectively) due to a tendency with IV-DSA to overestimate stenoses within these ranges; and 2) the positive predictive value of US for detection of occlusion was poor (60%), due to failure with this method to distinguish between very severe stenosis and occlusion. Aside from these differences, the results obtained with US and IV-DSA are comparable.
As with plaque detection, improvement in US and IV-DSA performance, with few exceptions, occurred when the external carotid was excluded from tabulation (table 10) . Nonetheless, sensitivity for lesions causing a 50% or greater steonsis remained at suboptimal levels (87% US, 85% IV-DSA). The limited positive predictive value of iV-DSA for stenosis of 70% or greater and of ultrasound for occlusion persisted in spite of exclusion of the external carotid data. These areas of difficulty are not felt to be related directly to external carotid imaging problems. The exclusion of poor quality (Grades 3 and 4) studies increased overall ultrasound sensitivity for lesions causing 50% or greater stenosis from 79-84% (CC, IC, EC: 26 true positive, 5 false negative), but overall sensitivity for IV-DSA in lesions of the same severity declined minimally from 85 to 83% (CC, IC, EC: 29 true positive, 6 false negative). These changes were not significant.
Discussion
Quality of Examinations
IV-DSA suffered from considerably fewer non-diagnostic studies than HRS (18% and 9.5% respectively) and displayed overall better examination quality (table 4). Particular difficulty was noted with HRS when attempts were made to image the relatively small, branching external carotid artery. When the external carotid artery was excluded from consideration the incidence of non-diagnostic HRS studies decreased to 12%. Considering that atherosclerotic lesions occur most often in the common and internal carotid arteries and that the external carotid artery is of unproven importance in stroke pathogenesis, it appears that both procedures offer satisfactory image quality for a screening study. The results of HRS and IV-DSA in our study for image quality are comparable to those reported by others.
3 -*• " Findings for both plaque detection and assessment of stenosis indicate that the accuracy of ultrasound is considerably more dependent on examination quality than is that for IV-DSA; i.e., it appears that, on the whole, more reliable information may be extracted from poor quality IV-DSA studies than can be obtained from poor quality ultrasound examinations.
Plaque Detection
The performance of HRS and IV-DSA for plaque detection was comparable with the following exceptions. Both HRS and IV-DSA were imperfect in plaque detection, and this problem was more severe for IV-CAROTID EVALUATION/Ziv;>fc<r/ el al 639 DSA, considering that sensitivity with this modality remained below 90% even when the external carotid arteries were excluded from consideration. Minimal thickness plaque was overlooked in the majority of all false negative studies (both HRS and IV-DSA). This is reassuring in that minor plaque involvement probably is of less importance as a cause of stroke than is more severe disease. Considering intrinsic limitations of the technique (reduced spatial resolution and available levels of vascular opacification), it is to be expected that IV-DSA would be suboptimal in detection of minimal thickness plaque. The failure to detect minimal thickness plaque with HRS occurred principally in the external carotid artery, the method providing better results with plaque detection in the common and internal carotid arteries. Other authors have found HRS more sensitive than arteriography for detecting minor plaque deposits. 2 ' 8 This was not the case in our study. The level of specificity for plaque with both HRS and IV-DSA (77%) is disappointing but in consideration of a screening test is of less concern than is a lack of sensitivity. Furthermore, it is of importance that all observed false positives involved the external carotid artery as this vessel is not felt to be of primary concern in the pathogenesis of stroke.
Because of the high prevalence of disease in our patient population, the positive and negative predictive values for plaque detection are not of significance. It is likely that the negative predictive values for plaque with HRS and IV-DSA would be much better in a population having a larger proportion of normal patients. 18 Occlusive Disease
The primary objective of evaluation of the carotid bifurcation screening is to determine the severity of carotid atheromatous disease and thereby determine whether or not surgery is a therapeutic option. As noted in the introductory material, the relative degree of luminal narrowing provides an approximation of the severity of disease that is useful for clinical decision making. Once it is decided that major atheromatous disease is present at the carotid bifurcation, standard arteriography is generally considered appropriate to define as precisely as possible the condition of extraand intracranial vasculature. Some surgeons, however, may operate based solely on the results of noninvasive tests, particularly intravenous IV-DSA.
in view of the importance of occlusive disease evaluation in clinical management, it is of particular interest that our data suggest no substantial difference between ultrasound and IV-DSA for evaluation of stenosis and occlusion. Both procedures are highly sensitive and reasonably specific for severe obstructive lesions (70% stenosis and complete occlusion), indicating that either IV-DSA or ultrasound may be used with a high degree of reliability in selecting patients who may be surgical candidates on the basis of severe carotid occlusive disease. Caution is necessary in some areas, however. The relatively low positive predictive value of IV-DSA for > 70% stenosis means that the severity of disease may be overestimated in some patients. For ultrasound, inability to distinguish between severe flow reducing stenosis and occlusion may be a problem. It is also not clear that IV-DSA can accurately distinguish between very severe stenosis and occlusion, and it may be necessary to employ standard arteriography whenever occlusion is suspected.
For occlusive lesions at the 50% level, there is greater potential for error from negative studies, hence clinical decisions about surgical candidacy based on noninvasive studies may be less reliable at this level of disease than at the > 70% level. Sensitivity of US or IV-DSA for > 50% obstruction did not exceed 85% in spite of exclusion of poor quality studies as well as results of the troublesome external carotid. This finding is somewhat disappointing. Carotid screening tests ideally should be highly sensitive for obstruction > 50% because this is the generally accepted level for hemodynamic significance in carotid stenosis. Intraobservability and other measurement difficulties may well have contributed to the lack of precision at this level of stenosis. These factors would be expected to more strongly affect the 50% level as compared with 70% stenosis or occlusion, because the endpoints for measurement are considerably less clear at 50% than for higher grades. The results presented herein for IV-DSA sensitivity at the 50% are not as good as those obtained in other published series (table 1) . For example, Wood et al 3 reported 93% IV-DSA sensitivity for > 50% stenosis in all carotid vessels, and Chilcote et al 4 found IV-DSA 89% sensitive for > 60% common and internal carotid stenoses. Ultrasound results from our series are comparable to those presented by Comarota, et al' 9 and Wolverson, et al 2 for 50% lesions but are not as good as these reported by Glover et al who observed 93% sensitivity for > 30 and for > 70% stenosis (table 1) .
It must be recognized that the accuracy of non-invasive studies depends on several factors including the type of equipment used, the patient population and the experience of the operators (especially for ultrasound). Our results are based on fairly early IV-DSA instrumentation and technique as well as a less than optimal ultrasound system in which Doppler and B-mode techniques were used independently. It is possible that superior results might be obtained with more advanced instrumentation. Direct comparison of ultrasound and IV-DSA for cervical carotid evaluation indicates relatively little difference in accuracy or potentially clinical efficacy. Although the quality of examination for IV-DSA was superior to ultrasound overall, both procedures demonstrated adequate examination quality for the assessment of the common and internal carotids. HRS is adequately sensitive for the presence of common and internal carotid plaque. IV-DSA also is quite sensitive, but displays a greater tendency to overlook minimal plaque involvement as compared with HRS. Both procedures are highly sensitive for occlusive lesions that reduce lumen diameter by 70% or more and i.e. either study may be relied upon for selection of potential surgical candidates at this level of atheromatous involvement. For occlusive lesions at the > 50%, ultrasound and IV-DSA are only about 85% sensitive and some caution is advised in clinical application of results at this level of disease due to the greater potential for false negative diagnoses.
Considering that neither test exhibits clear superiority over the other in terms of accuracy or potential efficacy, other factors must be taken into account when one is deciding which study is appropriate for a particular patient. For instance, if the likelihood of surgery is high based on signs, symptoms and patient condition, and the surgeon favors operating solely on the basis of IV-DSA results, then IV-DSA would be a preferable study in comparison to ultrasound. treatment and earlier identification of individuals at high risk for stroke.
When platelets become activated the platelet specific proteins beta thromboglobulin (/3-TG) and platelet factor 4 (PF 4 ) are released into the circulation.
7 Plasma levels of these proteins in persons with normal renal function serve as markers for enhanced in vivo platelet activation.
8 Since ischemic infarction may accompany multiple disease processes, platelet activation could be expected to distribute uniformly among subtypes of stroke if the activation is simply a nonspecific consequence of cerebral ischemic damage. Similarly, the degree of non-specific platelet activation might be correlated with the volume of infarcted tissue. To test these hypotheses, we measured circulating levels of/8-TG and PF 4 and estimated the volume of infarcted brain tissue in patients with various types of ischemic strokes.
Methods
Fifty-eight patients with either TIAs or acute cerebral infarction of all types and 35 persons comprising two control groups were examined. The first control group consisted of 20. young, healthy individuals, the second consisted of 15 elderly persons who were age matched with the stroke patients. None of the elderly
